This paper investigates the behaviour of the double-curvature Deriner dam, which is in the operation phase and also one of the highest dams in the world. In order to determine the displace-
Introduction
In the last two decades, more than 200 hydroelectric power plants have been established in the Black Sea Region of Turkey (Kanik and Ersoy 2019) . The Coruh River basin, which is the longest river in the East Black Sea Region, has a huge potential to construct dams thanks to the favourable topographical conditions of the region. There are several dam projects on Coruh river basin, some of which are under construction and some are in already operation phase. Of these, the Deriner (Lower Coruh), a super-high-arch dam, is one of the most important projects of the master plan of Coruh River basin. Monitoring the dams with such high construction costs is crucial for their safety and starts during the construction phase and maintains during its lifespan. There are different factors that could cause the destruction of the arch dams, including its self-weight, hydrostatic pressure on the upstream surface, internal temperature changes etc. Over the years, several studies have been conducted to monitor the behaviour of dams (Tarchi et al. 1999; Manake and Kulkarni 2002; Pytharouli and Stiros 2005; De Sortis and Paoliani 2007; Mascolo et al. 2014; Talich 2016; Saidi et al. 2017; Di Pasquale et al. 2018; Xi et al. 2018; Yavaşo glu et al. 2018; Xiao et al. 2019) . For example, Guler et al. (2006) investigated the horizontal and vertical surface movements on the Alibey Dam using geodetic and non-geodetic techniques. The geodetic measurements were conducted on a micro-geodetic network consisting of 10 reference and 16 object points between the years of 1987-1991 and 1991-1996 . These measurements were analysed using the Karlsruhe method. Also, the Finite Element Method (FEM) was used to determine the behaviour of the dam under two-dimensional plane-strain conditions. The results of numerical analyses were compared against those of the geodetic analysis. The authors concluded that almost the same results were obtained by these two analysis techniques in terms of magnitude. Kulkarni et al. (2006) proved that it was possible to use the GPS on the Koyna Dam to calculate the movements occurred as a result of the earthquakes. An extensive GPS network with 31 points was established and more than ten GPS campaigns were conducted between December 2000 and September 2004 . The results demonstrated a correlation between the water level and movements. Bayrak (2008) investigated the relationship between the reservoir water level and displacement on the dam. Fifteen points consisting of 6 reference and 9 object points were observed within 4 periods (December 2003 , March 2004 , November 2004 and April 2005 using a total station. A new dynamic deformation analysis approach was developed to investigate how the changing reservoir water level affected the vertical and horizontal displacements during the first filling phase. The results derived from the dynamic model revealed that the change in the reservoir water level is an important factor for Yamula Dam deformations. Gikas and Sakellariou (2008) analysed the long-term (about thirty years) settlement behaviour of the Mornos Dam. Precise leveling observations and a numerical back analysis model data sources were used to determine the vertical displacements at the dam body. It is crucial to acknowledge that 60% of these displacements originated during the construction and first filling phase, as the remaining 40% occurred during the operation phase. According to the results, the maximum displacement was observed at the middle of the dam crest. In addition, an average of 0.03 m agreement was found between the results obtained based on the numerical back analysis and the results based on the geodetic measurements. Ehiorobo and Ehigiator (2011) investigated the use of differential GPS (DGPS) to monitor the horizontal displacements at the Ikpoba dam (Earth). Along the dam crest, 20 GPS points including 11 reference and 9 object points were observed within three period measurements conducted between 2008 and 2010. It was concluded that all object points moved in the south-west direction, which may be due to the hydrostatic pressure. Taşçı (2008) utilized four-period Global Positioning System (GPS) data to monitor the horizontal movements on the Altınkaya Dam. A deformation network, which consisted of 6 reference and 11 object points, was established to monitor horizontal movements. The Iterative Weighted Similarity Transformation (IWST) and Least Absolute Sum (LAS) methods were used to decide whether or not the points were stable. The results showed that the largest movements were at the middle and at the end points of the dam crest. Kalkan (2014) investigated the magnitude and direction of radial deformations on the rock-fill Ataturk dam, which was constructed on the Firat (Euphrates) River. The deformations at the Ataturk dam were investigated by utilizing the GPS and conventional measurement data, which were collected between 2006 and 2010. According to the results, the largest deformations were found on the upstream part of the crest. It was also concluded that the results obtained from the GPS and conventional measurement data had a comparable accuracy (< ±1 cm). Besides, the study examined if there was a relationship between the reservoir water level and deformation at the points on the dam. No significant relationship was found between the radial displacements and reservoir water level. Yigit et al., (2016) investigated the horizontal displacements during the first filling of the Ermenek dam, which is a double-curvature asymmetrical thin concrete arch dam located at Karaman Province, Turkey. The displacements were determined through a network with 10 reference and 19 object points. The authors used nine-period geodetic measurements conducted between 2011 and 2012 with total station and prisms. The FEM was used to calculate possible radial displacements. The results showed that there was a high correlation between the geodetic and numerical methods with regard to displacement values. Also, an approximate increase of 58 m in water level during the first filling phase was found to cause 1 cm displacement in the dam body. Acosta et al., (2018) examined the behaviour of the Arenoso Earth Dam through the use of high-precision leveling and Global Navigation Satellite System (GNSS) techniques. They determined the displacements by the FEM. Seven GNSS campaigns were conducted between February 2008 and September 2016. A comparative evaluation of the results derived from the geodetic techniques and FEM indicated that there were an average of 6 cm and 20 cm differences between the horizontal and vertical displacements at the dam crest, respectively. These differences were probably due to the simplification assumed during the application of the FEM. Barzaghi et al. (2018) examined the movements at the Cantoniera Dam (Eleonora D'Arborea), built for drinking water, irrigation and hydroelectric energy production, using three different instruments, which were GNSS, collimators and pendulums. However, only the GNSS and pendulums data were compared and collimator data were evaluated separately. The Leica GNSS spider software was used to process the GNSS data. Despite the fact that the GNSS was less sensitive than a pendulum, it was observed that only the GNSS technique was adequate for precise monitoring of the dam.
This study aims to investigate the horizontal and vertical displacements on the Deriner Dam between 2016 and 2017. To achieve this, the GNSS and high-precision leveling measurements were conducted within four periods. Since the high precision leveling measurements were not accurate enough to determine the vertical displacements due to windy weather during periods, the results for these measurements were not given in this paper. In addition, we tried to find out whether any changes in the water level of the reservoir affected the horizontal and vertical displacements of the dam during the operation phase.
The rest of the paper is organised as follows. Section 2 provides background information about the deformation method using the GNSS measurements. Section 3 introduces the Deriner Dam and geodetic networks used. Section 4 presents the results based on the GNSS measurements. Finally, some concluding remarks are given in Section 5.
Deformation analysis with h 2 -criteria method
Many researchers have attempted to determine any displacements utilizing h 2 -criteria method in many deformation-related applications such as bridge (Erol et al. 2005) , mining (Kayikci and Yalcinkaya 2015) , earthquake (Ozener et al. 2013; Sabuncu and Ozener 2014; Tiryakioglu et al. 2019) , landslide (Yalçinkaya and Bayrak 2005; Acar et al. 2008; Hastao glu 2013; Zeybek et al. 2015) , dam (Bayrak 2007) . In order to detect any displacements with h 2 -criteria method, the geodetic network is measured at least two different observation times with geodetic methods. The displacements of points are tested with statistical methods. These tests are conducted for the data of two observation periods using the Gauss-Markov model. The Gauss-Markov model for a geodetic network is given as follows (Caspary 1988) :
where l is the observations vectors; v is the residuals vectors; A is the design matrix;
x is the vector of estimated unknown parameters; Q xx and Q vv are the cofactor matrices of the unknowns and residual vectors, respectively; P is the weights matrix; s 2 is the posteriori variance of the unit weight; and f is the degree of freedom. Hypotheses are written to investigate whether there are any statistically significant movements between periods t 1 and t 2 : H 0 and H A hypothesis are formed as follows:
where E stands for the 'expectation' and H A denotes the alternative hypothesis. In the absence of correlation, the test statistics is given as follows (Pelzer 1971 , Koch 1985 , Niemeier 1985 , Cooper 1987 :
where d is the coordinate differences vector; Q dd is the cofactor matrix of vector d; Q þ dd is pseudo inverse; h is the rank of the matrix Q dd and a is the chosen error probability. If T > F h, f , 1Àa , then the H 0 hypothesis is rejected, and the point can be regarded as unstable. Otherwise, T F h, f , 1Àa , then the H 0 hypothesis is not rejected, and it can be stated that the point is not significantly displaced. After that, localization procedure is carried out. The coordinate differences vector d and Q þ dd are decomposed into the subvectors and submatrices as follows:
where indexes r and j denote the stable and unstable points, respectively. h 2 -criteria are calculated for unstable points as follows:
, i¼ 1; 2; :::;n (10)
where d j ¼ d j þ P j À1 P ji d r and n is the number of points. The point with the maximum h 2 j is considered unstable and removed from the current datum. The remaining points are used to define a new datum with the S-transformation method. The iteration is repeated until there are no unstable points among the remaining points. Thus, unstable points are detected. Further details regarding S-transformation can be found in Teunissen (1985) .
Application
The Deriner dam is located at the downstream part of the Coruh River basin at Artvin province, in the north-eastern part of Turkey (see Figure 1 ). The Coruh River has an average flow rate of 154 m 3 /s and the catchment area of the river is 18,390 km 2 . The Deriner dam, a concrete double-curvature arch with a height of 249 m, has a crest length of 721 m. The underground powerhouse has a width of 20 m, a length of 126 m, and a height of 45 m, and includes four vertical Francis units with a total capacity of 670 MW. Two-gated spillway tunnels located at the right and left abutments and eight orifice spillways integrated onto the dam body are designed for flood discharge. Until 1 January 2019, a total of 8.7 billion kilowatt hours of energy was produced at the Deriner dam. Construction of the Deriner dam started in 1998, completed at the end of 2012 and became operational in mid-2013.
In order to determine any horizontal and vertical displacements by geodetic techniques, a geodetic network established by the General Directorate of State Hydraulic Works (DSI) was used. However, all reference points were not used in this study, since some of them were deformed and some were too close to the dam crest to be measured by the GNSS. The network covered the whole study site and consisted of twelve reference points (101, 102, 104, 105, 107, 108, 109, 111, 112, 116, 117 and 118) and seven object points (1103, 1109, 1115, 1121, 1127, 1133 and 1139) . All the points of the network were constructed as pillars which are double-walled concrete pipes to avoid alteration by sun radiations and temperature variations, and the forced centering system is used on these points to eliminate the centering errors. The reference points were established on geologically stable grounds, where the deformation was not expected. The reference points extended 300 m in upstream direction, 2 km in downstream direction and 800 m from the left to the right abutment of the Deriner dam. The object points were located on balconies of the dam crest and downstream side of the dam. Figure 2 shows the distribution of the reference and object points used in this study.
The GNSS data were collected in the static survey mode, using four Topcon HiPer Pro and four Topcon GR5 dual-frequency receivers. In all campaigns, the same GNSS receivers were used at the same points. Figure 3 shows two of the reference pillars on which the GNSS receivers were installed.
The measurements were conducted between 2016 and 2017, covering about 1.5 years. The first period measurement was carried out in May 2016, the second in November 2016, the third in May 2017 and the last one in August 2017. Observation duration was selected at least 2 hours and 1 hour for the reference and object points, respectively. The object points were measured using the leapfrog method. The datasampling rate and satellite elevation cut-off angle were set to 10 sec and 15 , respectively. The determination of displacements in the geodetic networks and interpretation of the behavior of the displacements are also possible by monitoring the movement more sensitively. Therefore, the network to be installed or used should be optimal in terms of precision and robustness. Baarda (1968) categorized the reliability into two parts, "internal reliability" and "external reliability". While internal reliability provides information about the maximum undetectable error that would not be determined by the model hypothesis, external reliability refers to the coefficient of undetectable model error on the estimates of unknown parameters. Baarda (1968) , Yalçınkaya and Teke (2006) and K€ ureç and Konak (2014) provided further details about the reliability. The internal and external reliability values were calculated and compared against the critical values of the reliability levels.
The commercial Magnet Tools 5.1 software developed by the Topcon Inc. was used to process the recorded GNSS data. The software automatically selects the processing frequency. Since the baseline length of the vector did not exceed 10 km, it automatically selected the L1/L2 mode for processing static vectors. The broadcast ephemeris was used as the satellite orbit. The Magnet Tools 5.1 software is able to provide geocentric cartesian coordinates in the World Geodetic System 1984 (WGS84) datum. Since the geocentric cartesian coordinates cannot be used in structural health monitoring applications, they should be transformed into local topocentric coordinates (Yigit 2016) . Hence, all geocentric cartesian coordinates and their cofactor matrices were transformed into a local topocentric coordinate system for each period. The equations are given as follows:
where u 0 and k 0 are the geodetic latitude and longitude of the topocentric origin, respectively. u 0 and k 0 are derived from their geocentric cartesian coordinates X 0 , Y 0 and Z 0 :
Using the error propagation law, the cofactor matrix of each period in the local topocentric coordinate system is derived as follows:
where Q X, Y, Z is the cofactor matrix of the geodetic cartesian coordinate system. In this study, the point 1139 was selected as the origin of the topocentric coordinate system and the other points were reduced with respect to this point. A MATLAB script was developed to adjust the geodetic network. The GNSS measurements were adjusted with respect to the free network adjustment method. Outlying observation(s) were detected using the Huber M-estimation method. This estimation provides the solution by reducing the weights of the suspicious observation(s) at each iteration. The reason for using this method was that it does not remove the outlying observation(s) from the measurement group. Further details about this method can be found in Huber (1981) . In all processes, the significance level was chosen as a ¼ 0.05.
Results
The calculated redundancy values of the observations were compared against the selected critical value of 0.3. According to the results, none of the redundancy numbers exceeded the critical value. The internal and external reliability values of each baseline and their critical values were computed. The internal reliability values remained between 0.20 and 0.28 units, whereas the external reliability values remained between 0.08 and 0.11 units. The internal and external reliability values of the network were found under their critical values. According to the results of the reliability criteria, controllability rate of all the GNSS baselines could be qualified as "excellent".
The results of the reference and object points for the periods May 2016-November 2016, May 2016-May 2017 and May 2016-August 2017 are given in Tables 1-3, respectively. The object points of 1109, 1115, 1121, 1127, 1133 and 1139, which were on the dam crest, and the reference points of 101, 102, 104, 105, 108, 109, 112, 116, 117 and 118 were detected as unstable between the periods May 2016 and November 2016. The reservoir water level dropped from about 389 m to 377 m between these periods. The object point of 1103 and reference points of 104 and 107 were also detected as unstable between the periods May 2016 and May 2017, which leads to the fact that all object points on the dam crest moved. The reference point of 117 was regarded as stable during this period. In May 2017, the reservoir water level continued to decrease and reached 364 m.
As can be seen from Table 3 , the reference points of 107 and 117, and the object point of 1103 were determined as stable between the periods May 2016 and August 2017. The reservoir water level increased, reaching about 374 m in August 2017. The reservoir water level dropped by 15 m between May 2016 and August 2017.
The horizontal displacements were detected in upstream direction between the periods May 2016-November 2016, May 2016-May 2017 and May 2016-August 2017. The results showed that the horizontal displacements on the dam crest were caused by the reduction of the reservoir water level. The largest horizontal displacement was found at the object point of 1115 (i.e., 2.97 cm), considering all the horizontal measurements conducted in all periods. The monthly average speed on the object point of 1115 for the May 2016-November 2016, May 2016-May 2017 and May 2016-August 2017 are 3.6 mm, 1.6 mm and 2.0 mm, respectively. It was also observed that the horizontal displacements gradually decreased towards the left and right abutments. Despite this decrease, the horizontal displacements for the object points 1103 and 1139 were found 0.63 cm and 0.68 cm between the periods May 2016 and May 2017, respectively. Although the reservoir water level difference between the periods May 2016 and May 2017 was 10 m greater than that between the periods May 2016 and November 2016, the horizontal displacements showed an increasing trend in upstream direction at all object points, except the 1115 and 1121.
To illustrate the horizontal displacements, the value of the horizontal displacement vector (d horizontal ) and its direction (a) were computed for each point as below:
The components of the confidence ellipse, which are the semimajor axes A i and B i , and the orientation of the major axis u i , are determined for each point as follows:
If the horizontal displacement vector lies within the confidence ellipse, the horizontal displacement is considered insignificant. Otherwise, it is considered significant. The horizontal displacements and confidence ellipses were computed and demonstrated in Figures 4-6 considered insignificant (see Figure 5 ). The horizontal displacements at the reference points of 102, 107, 108, 112, 116 and 118, and at all the object points except the 1103 were considered insignificant between the periods May 2016 and August 2017 (see Figure 6 ). Figure 6 . The horizontal displacement vectors for the reference and object points within 95% confidence ellipses between the periods May 2016 and August 2017.
Conclusion
In this paper, we investigated the behaviour of the Deriner dam by using the GNSS and high precision leveling observations during the operation phase. The redundancy value, and internal and external reliability values were calculated to evaluate the reliability of the geodetic network. The redundancy values, and internal and external reliability values did not exceed the critical values for all baselines, which shows the robustness of the geodetic network used. The h 2 -criteria was carried out to determine the displacements obtained with the GNSS measurements in three dimensions. Due to the separation capacity of the h 2 -criteria, most of the reference and object points were determined as unstable. As expected, the most significant horizontal and vertical displacements were found in the middle of the dam crest. It was observed that the extent of the displacements decreased towards the end of the dam crest. The results revealed that the horizontal displacements were affected by the reservoir water level. One of the most significant findings emerged from this study is that the GNSS technique can be profitably used to accurately monitor the horizontal displacements of an arch dam. When the vertical displacement values were examined, it was found that these values were higher than expected. Since it has been about 3-4 years after the first filling phase of the dam, vertical displacement values were expected to be either below the cm level or at the mm level. The first filling phase of the dam can be considered as the period in which the displacement is expected to be maximum. The vertical displacements of the dam were examined and reported by the Turkish General Directorate of State Hydraulic Works (DSI) in the first filling phase. (Electrowatt Engineering Ltd and Dolsar Engineering Ltd, 2014) . This unpublished report revealed that the maximum amount of vertical displacement was about 2.5 cm as a result of the measurements made at the leveling points that were very close to the piles used in the study. The same report also depicts that displacements are gradually decreasing. From this situation, it can be interpreted that the expected vertical settlement of the dam has slowed down. On the other hand, when the points on the dam crest were compared against each other, it was seen that the movement directions were not consistent with each other. The object points were established on balconies in the dam crest as a pile. The balconies were checked for any cracks or subsidence, or for any deformation of the piles, but none of these were observed. For these reasons, the vertical displacements found in this study can be considered erroneous. The reason for not obtaining sufficient sensitivity in the vertical direction was due to the narrow topography of the valley where the dam was built. As known, narrow valley structure impairs the signal quality between the receiver and satellite. The best way to avoid this is to use a greater (i.e., greater than all the obstacles) cut-off angle. Our experiments revealed that increasing the elevation angle caused the exclusion of many good observations from the GNSS data and that the optimum elevation angle had to be 15 . It can be concluded that this situation affects the precision of vertical positions and may be solved by increasing the observation time in future studies with GNSS. Future research will focus on investigating the behaviour of dams with a kinematic deformation analysis model based on Kalman filtering. In addition to the geodetic deformation analyses, numerical analyses can be conducted and possible displacements can be compared against the geodetic results.
